ABSTRACT A compact dual-polarized dual-band omnidirectional antenna with high gain is presented for 2G/3G/LTE communications, which comprise two horizontal polarization (HP) and a vertical polarization (VP) elements. The upper HP element consists of four pairs of modified printed magneto-electric (ME) dipoles that are fed by a four-way power divider feeding network, and eight pieces of arc-shaped parasitic patches that are printed on both sides of the circular printed circuit board alternately. The four-way power divider feeding network together with the four pairs of ME dipoles mainly provide a stable 360 • radiation pattern and high gain, while the eight pieces of patches are used to enhance the bandwidth. The lower HP element is similar to the upper one except that it do not have the parasitic patches. The VP element consists of four pairs of cone-shaped patches. Different from the HP element, the upper VP element provides the lower frequency band while the lower VP one yields the upper frequency band. The VP element and the HP element are perpendicularly arranged to obtain the compact and dual-polarized features. Measured results show that a bandwidth of 39.6% (0.77-1.15 GHz) with a gain of about 2.6 dBi and another bandwidth of 55.3% (1.66-2.93 GHz) with a gain of about 4.5 dBi can be achieved for the HP direction, while a bandwidth of 128% (0.7-3.2 GHz) with a gain of around 4.4 dBi can be acquired for the VP direction. Port isolation larger than 20 dB and low-gain variation levels within 2 dBi are also obtained. Hence, the proposed antenna is suitable for 2G/3G/LTE indoor communications.
I. INTRODUCTION
Recently, there is a rapid development in the mobile communication industry and hence different mobile communication systems with multi-frequency bands have been reported. For example, the frequency bands of 0.81-0.96 GHz and 1.71-2.69 GHz have been allocated to 2G/3G/Long Term Evolution (LTE) communication systems in China [1] . As a vital component in the above systems, dual-band antennas are preferred and extensively used because they can reduce the number of antenna units and minimize the storage space effectively [2] - [5] . On the other hand, due to its excellent characteristics that can improve channel capacity and mitigate polarization mismatch, dual-polarized antennas also widely applied in many high-performance communication systems such as multiple-input-multiple-output (MIMO) system [6] , [7] . In addition, owing to the advantage of providing a 360 • full coverage and a free alignment between the transmitting and the receiving antennas, omni-directional antennas have been extensively used in the indoor distributed system [8] , [9] . Presently, even though the future 5G technology is approaching and has become a hot research topic, however, the 2G/3G/LTE antenna will still play a key role in the telecommunication services because the coverage of these networks are still very large [6] , [10] , [11] . Based on the above discussions, there is significant value in the design of dual-wideband dual-polarized omnidirectional antenna, especially for the indoor distributed communication system.
Owing to its practicability, many dual-polarized omnidirectional antennas that are used for indoor communication have been proposed. By introducing two rotated broadband feeding networks to excite the orthogonal HP and VP dipoles, a bandwidth of 30% (1.7-2.3 GHz) with a better isolation of 25 dB can be achieved for both HP and VP directions [12] . However, it is unable to cover the 2G/3G/LTE frequency bands in both HP and VP directions. Thus, the technique of employing a modified asymmetric biconical VP radiator has been reported, and the bandwidth in the VP direction can reach up to 35% (1.88-2.70 GHz) [9] . By combining a circular patch with a discone radiator, the VP bandwidth can extend up to 152% (0.82-6.0 GHz). In addition, its bandwidth in the HP direction can also reach up to 63% (1.53-2.95 GHz) [8] . Both bandwidths of the two antennas in VP direction have been improved effectively. Furthermore, by using a folded wideband and high gain electromagnetic structure (WHEMS), a wide bandwidth of 110% (0.78-2.70 GHz) in VP direction can be achieved. However, it bandwidth in the HP direction ranges from 1.65 to 2.9 GHz, and still unable to cover the 2G/3G/LTE frequency bands [6] . In order to cover the above frequency band in both HP and VP directions, a compact antenna that is composed of a simplified discone antenna for VP and two printed dipole arrays for HP has been reported [13] . Here, broad operating bands of 0.69-1.03 GHz and 1.69-3.21 GHz for HP, and 0.77-0.98 GHz and 1.70-3.75 GHz for VP can be obtained. However, its gain variation is somewhat higher in the HP direction, and its cross polarization is slightly larger.
As discussed above, an ideal indoor distributed antenna for 2G/3G/LTE application should possess the features such as dual polarization, dual wideband, high gain, low gain variation, low cross polarization and easy fabrication at low cost. In this way, it can improve the channel capacity, reduce the antenna numbers, increase the transmission distance and enhance the universality. In this paper, a compact dualpolarized dual-band omnidirectional antenna with high gain is presented for 2G/3G/LTE indoor applications. In order to obtain dual wideband feature for the HP, a pair of broadband four-way power divider feeding networks are employed to feed the upper and lower HP ME dipole elements, respectively. In particular, eight pieces of parasitic patches are printed on both side of the upper circular PCB to enhance the upper frequency bandwidth. In addition, four stub patches are sequentially arranged between the adjacent dipoles on the lower HP PCB to achieve low gain variation and low cross polarization. Finally, the biconical VP radiator that consists of four pairs of conical patches is orthogonal to the HP elements, so that a relatively compact size and easy fabrication can be achieved simultaneously. Hence, the proposed antenna could meet the stringent requirement of the 2G/3G/LTE indoor communications.
II. ANTENNA GEOMETRY AND WORKING MECHANISM A. ANTENNA CONFIGURATION
The geometrical structure and detailed dimensions of the proposed antenna are illustrated in Fig. 1 and Table 1 , respectively. The proposed antenna is composed of horizontal polarization (HP) and vertical polarization (VP) elements, which are fed by a signal diplexer. The upper HP element (HP element 1) consists of four pairs of arc-shaped ME dipoles that are excited by a broadband four-way power divider feeding network, and eight pieces of arc-shaped parasitic patches that are printed on both sides of the circular FR-4 printed circuit board (PCB) edges alternately. The FR-4 substrate is with a thickness of 0.8 mm (ε r =4.4, tanδ=0.02). The fourway power divider feeding network together with the four pairs of arc-shaped dipoles mainly provide a stable 360 • radiation pattern, while the eight pieces of patches are used to enhance the bandwidth for the upper frequency band. Note that the feeding network comprises an arc-shaped four-way power divider (with a hole in the center) and four η-shaped probes that are used to excite the arc-shaped ME dipoles for achieving good impedance matching. The hole is reserved for the metallic wires of the signal diplexer, while the arcshaped power divider feeding network can provide a better isolation between the metallic wires and the VP radiator. The lower HP element (HP element 2) is similar to the upper one. The main difference is that the parasitic patches are straight and arranged between the neighbouring radiating dipoles. Unlike the arc-shaped parasitic patches that are used for improving the impedance bandwidth, and the straight stubs are adopted to reduce the cross polarization and gain variation in the VP direction. The VP element consists of four pairs of cone-shaped patches. The upper cone-shaped radiator and the lower one are connected with a cross-wheel shaped patch. The special cross-wheel shaped patch plays a role in fixation. Different from the HP element, the upper VP element provides the lower frequency band, while the lower VP one yields the upper frequency band. The VP element and the HP element are perpendicularly arranged to achieve compact size and dual-polarized features.
In this work, a compact commercial diplexer is adopted to combine the two HP elements, and it is fixed below the lower HP element. The diplexer is comprised of a common input port, a low-pass port and a high-pass port. The latter two ports are used for 0.81-0.96 GHz and 1.71-2.69 GHz frequency band, respectively. Hence, the low-pass and the high-pass ports are connected to the lower and the upper HP elements, respectively, while the common port is directly connected to the input signal for HP.
B. WORKING PRINCIPLE
As reported in [14] and [15] each vertical dipole has a vertically polarized omnidirectional radiation pattern, while the combination of four horizontal arc-shaped ME dipoles can generate the horizontally polarized omnidirectional radiation pattern. Inspired by the above works, the proposed dual-band dual-polarized omnidirectional antenna can be considered as a combination of eight vertical dipole arms for the upper and lower VP, and eight horizontal arc-shaped dipoles for the upper and lower HP, respectively, as illustrated in Fig. 2 . To further analyze the operating principle of the HP elements, the current distributions on the HP elements at 0.9 GHz and 2.3 GHz are shown in Fig. 3 . As observed, the current distributions of the upper and lower HP arc-shaped dipoles' current are flowing in counter-clockwise direction, and they have formed two circular loops. Notably, they are in-phase and with equal amplitude. Hence, HP omnidirectional radiation pattern can be generated in the lower and upper frequency bands. In addition, the currents on the arc-shaped parasitic patches also compose a circular loop to enhance the omnidirectional radiation pattern and hence broaden the upper frequency bandwidth.
III. PARAMETRIC STUDIES
In order to further investigate the working mechanisms, and understand how the structures and the dimensions will affect the antenna performances, such as impedance bandwidth, gain variation and cross polarization, etc., some critical parameters are studied by using ANSYS electromagnetic simulation software High Frequency Structure Simulation (HFSS) [16] .
Firstly, as a key component of broadband feeding network, an ideal power divider should exhibit nearly equal phase difference in the wide working frequency band. In our design, in order to obtain equal power distribution, the four feeding ports should be in phase. In other words, the phase difference between the adjacent feeding ports should be close to 0 • . Fig. 4 shows the effect on phase difference between port 1 and port 4 (Phase 1H -Phase 4H ) with different power divider feeding network in the upper HP direction. As depicted, with the original power divider feeding network, the phase difference is about 5.5 • . In comparison, with the modified power divider feeding network (whose end are loaded with a pair of shorted stubs), there is an obvious reduction in phase difference. As a result, it varies within 3 • in the whole operating frequency band. As a result, it achieves the lower gain variation in the azimuth plane and good omnidirectional radiation performance. Instead, if port H is arranged in the center of the circle, the phase difference between port 1 and port 4 will be close to zero, because the distance between the input port and the four output ports are equal. In our modified power divider feeding network, port H is much closer to port 1 and port 2. Therefore, the phase of port 1 is ahead of port 4 approximately 5.5 degrees. By using the proposed short stubs, the phase can be delayed and hence all the phases of the four ports can be nearly uniform.
It is noteworthy that the radiation dipoles have played an important role in widening the working frequency bandwidth. In our work, instead of the conventional radiating dipole, a modified printed ME dipole whose electric dipole arms are arc-shapely folded is employed to broaden the bandwidth and achieve the stable gain. The original ME dipole that was proposed by Profs. Luk and Wong in 2006 has demonstrated outstanding merits such as stable and high gain, wide bandwidth and low cross polarization, etc [17] . Hence, it has been extensively studied and applied in many fields [18] - [20] . Fig. 5 shows the effects on bandwidth with different radiating dipoles. Compared with the conventional radiating dipole, the proposed printed ME dipole can provide a bandwidth of 0.76-1.02 GHz in the lower HP frequency band, while the conventional one can only afford a bandwidth of 0.79-0.96 GHz. This is because the proposed one can generate two much deeper resonance points.
Furthermore, the parasitic element (PE) has some obvious effects on increasing the bandwidth, decreasing cross polarization and reducing gain variation, etc. Fig. 6 shows that by introducing eight arc-shaped parasitic elements (APE) that are printed on both sides of the circular PCB edges, the upper frequency bandwidth (S-parameter≤−10 dB) can reach up to 63.9% (1.65-3.20 GHz). In contrast, the one without APE can only attain a frequency bandwidth of 46.5% (1.65-2.65 GHz). On the other hand, the effects of the straight parasitic element (SPE) that are arranged between the adjacent radiating dipoles in the lower HP PCB substrate are shown in Figs. 7 and 8, respectively. As illustrated in Fig. 7 , by employing the SPE, the direction of electric field distribution between the adjacent radiating dipoles will be altered by flowing inwards, while the original one flows outwards to the circular edges. As a result, the gain variation can be reduced from 2 dBi to 1 dBi, while the cross polarization level can also be reduced from −10 dB to −17 dB, as shown in Fig. 8 . Fig. 9 shows that effects on the bandwidth of upper HP element with different VP elements. By using the proposed VP element, the impedance bandwidth in the upper HP direction is nearly the same as the one without VP element, while with the conventional dual discones, the impedance bandwidth in the upper HP direction becomes much narrower. In other words, the proposed VP element has almost no side effect on the impedance bandwidth in the upper HP direction. Isolation between the adjacent input ports is another key performance indicator, as shown in Fig. 10 , across the operating frequency band, all the isolations are below −20 dB and they can meet the demand for 2G/3G/LTE indoor distributed communications.
IV. RESULTS AND DISCUSSION
To verify the proposed design, an antenna prototype was fabricated and measured, as shown in Fig. 11 . The measured results were obtained by using Agilent E5071C network analyzer and SATIMO antenna measurement system. Fig. 12 shows the simulated and measured S-parameters among the three input ports in both HP and VP directions. The simulated frequency bandwidth ranges from 0.73 to 1.08 GHz (38.7%), and from 1.65 to 3.25 GHz (65.3%) for the lower and upper HP directions, respectively, while the simulated frequency bandwidth in VP direction ranges from 0.7 to 3.0 GHz (124%). In comparison, the measured one ranges from 0.77 to 1.15 GHz (39.6%), and from 1.66 to 2.93 GHz (55.3%) for the lower and upper HP directions, respectively, while the measured one in VP direction ranges from 0.7 to 3.2 GHz (128%). It shows good agreement between the simulated and measured results, except for some slight fabrication and measurement errors. Fig. 13 shows the measured gains in both VP and HP directions. In the VP direction, a gain ranging from 2 to 4.8 dBi and another gain ranging from 3 to 6 dBi can be attained for the desired lower and upper 2G/3G/LTE frequency bands, respectively. In contrast, a gain ranging from 2.2 to 3.1 dBi and another one ranging from 3 to 5.8 dBi can be acquired for the above mentioned bands in the HP direction, respectively. For a conventional omnidirectional indoor antenna, it usually demonstrates a gain variation ranges from −3 to 3 dBi, and its corresponding impedance bandwidth is narrow. In our design, the high gain (shown across a wide frequency band) in a wide frequency band can be attributed to the introduction of modified printed ME dipole elements, especially in the HP direction. Taking energy conservation into consideration, the radiation efficiency of indoor omnidirectional antenna is also a critical indicator. As shown in Fig. 14 , the radiation efficiencies in the VP direction are from 63% to 88%, and from 71% to 96% for the lower and upper desired frequency bands, respectively. In comparison, the ones in the HP direction are from 72% to 89%, and from 75% to 94% for the above mentioned bands, respectively. For a conventional indoor antenna, the radiation efficiency usually ranges from 60% to 85%. Therefore, the proposed radiation efficiency is much higher than the conventional one due to its compact design that consists of modified printed ME dipole and dual discone patch antennas. Therefore, the energy-conserving goal can be skillfully achieved. Table 2 show the simulated and measured radiation patterns at different frequencies in both E-and Hplanes. The measured results basically agree with the simulated ones across the entire frequency bands. As the frequency increases, the simulated and measured cross polarizations become larger. However, all the simulated cross polarizations in both E-and H-planes are less than −20 dB, while all the measured ones are below −15 dB in the desired bands. In addition, the simulated gain variations of HP elements in the azimuth plane are within 1 dB and 2 dB for the lower and upper frequency bands, respectively, while the measured ones are within 1.1 dB and 1.9 dB, respectively. Similarly, in the maximum radiation direction, the simulated gain variations of VP elements are within 0.2 and 1.7 dB for the lower and upper frequency bands, respectively, while the measured ones are within 1.9 dB and 2 dB, respectively. The slight discrepancy between the simulated and measure results might be due to the impact of coaxial VOLUME 6, 2018 cables, fabrication, and measured environment. Note that there is a slight deterioration in the Co-polarizations in both the upper HP and VP directions, as shown in Figs.  15 (a3-d3) . For example, an ideal radiation pattern without interference in the upper HP direction is shown in Fig. 16 . This is mainly caused by the mutual coupling between the upper and lower HP elements that are arranged in a short distance to obtain a compact size. In general, the performance of radiation patterns can meet the indoor communication requirements across the desired frequency bands.
A comparison between the proposed antenna and other referenced dual polarized omnidirectional antennas are shown in Table 3 . By comparing this table, the proposed antenna owns the merits of dual wide bandwidths of (128%) and (39.6%, 55.3%) for dual polarized directions, a compact profile of 0.26 λ c , high gain of 6.8 dBi, low gain variation and cross polarization. In addition to that, the isolation can also meet the indoor communication requirements. Owing to its simple structure, the proposed antenna can be fabricated at low cost. Hence, the proposed antenna with the above-mentioned outstanding characteristics are suitable for the 2G/3G/LTE indoor distributed communications.
V. CONCLUSION
A dual-polarized dual-band omnidirectional antenna has been demonstrated for 2G/3G/LTE indoor communication. By employing a broadband four-way power divider feeding network with the modified printed ME dipole radiating elements, dual wide bandwidths of 39.6% (0.77 1.15 GHz) and 55.3% (0.66 2.93 GHz) can be obtained in the HP direction. In addition, by introducing four pairs of cone-shaped patches that make up the VP element, a wide bandwidth of 128% (0.7 3.2 GHz) can be achieved in the VP direction. Furthermore, high gain, low gain variation and low cross polarization, etc. characteristics can also be attained. Therefore, the proposed antenna is a competitive candidate for 2G/3G/LTE indoor distributed communication system.
